I. Introduction
The high temperature loss of strength exhibited by NgO hot-pressed silicon nitride is generally attributed to the presence of a vitreous
(1 2\
silicate inter-granular phase having a low softening temperature ' /.
The silicate, formed from the surface silica present on the silicon nitride powders and the magnesium oxide, melts at 1500-1600°C and acts as the densifying flux in liquid phase sintering. An important role is also played by the silicate in concentrating alkali impurities, such as calcium, in solution; the softening temperature of the silicate is further
. h owere , espec1a y y t e ca c1um ox1c1e 1mpur1ty
caus1ng t e premature loss of strength.
After the detrimental effect of the silicate had been identified, a number of attempts were made to improve the higl1 temperature properties of silicon nitride. . The use of higher purity starting powders has yidded a f;teacly improvement in the high temperature properties, but the most radical improvement was made by using yttria as a fluxing aid in place of
. (5 6) magnes1a ' . Interestingly this was done with relatively impure asilicon nitride powders and the highest strength materials were then obtained with appreciable quantities of yttria, considerably in excess of that required merely to react with the surface silica. Subsequent investigations by Rae et al. (l) showed that the effectiveness of yttria as an additive in hot pressing silicon nitride is primarily due to the formation of an -2-
, stable to at least 1600 6 C in (7) an inert atmosphere. They also suggested that, because of its structural similarity with the melilite silicates, it was capable of dissolving many of the impurities that formed a glass when MgO was used as an additive.
Although the use of Y 2 o 3 has clearly led to improved high temperature properties, the material still exhibits a decrease in strength at high temperatures, albeit higher than when MgO is used. Since this decrease occurs below the temperature at which the yttrium-silicon oxynitride itself becomes unstable, a number of questions about the role of the yttria remain.
This research was undertaken to determine whether the yttrium and impurity. elements are solely in solution in the yttrium-silicon oxynitride, as suggested by Rae et al., and whether an intergranular phase, which may be responsible for the loss of strength, is present in addition to the crystalline yttrium-silicon oxynitride phase. The presence of a thin intergranular film was investigated using the electron microscopy technique of
.ng use prev1ous y · to stu y t e secon p ase 1n
MgO hot-pressed silicon nitride. The spatial distribution of the elements in the microstructure was determined by x-ray micro-analysis in the electron microscope.
Experimental Details
The silicon nitride sample, kindly supplied by Dr. F. Foils for electron microscopy were prepared from 0.2mm thick slices cut using a diamond wheel. The slices were then hand ground on silicon -3-carbide papers until they were <50~ thick, diamond polished and finally thinned to electron transparency using SkV argon ion beams incident on the surface at 15°. Before examination, the thinned foils were coated with a thin layer of evaporated carbon to avoid surface charging in the beam of the electron microscope.
The lattice fringe images were taken with a Philips EM301 electron microscope fitted with a high resolution stage. The technique, by which the lattice planes on either side of the grain boundary are imaged simultaneously, has been described in detail previously(g). The x-ray microanalysis was performed using another EM301 electron microscope fitted with a scanning and EDAX attachment. The advantages and disadvantages as 30A across .
III. Microstructural Analysis
The microstructure of the Y 2 o 3 hot pressed silicon nitride when examined at Jqw m<Jgnification in the electron microscope is seen to consist of two phases. The major phase is silicon nitride and has -4-a relatively equi-axed grain morphology. The minor phase is generally seen at multiple grain junctions as in figure la, but is also seen on occasions to be partially enveloping a silicon nitride grain as in figure lb. In all cases, as in the micrographs of figure 1, the minor phase appears very much darker than the adjacent grains and remains so even on tilting. This lack of diffraction contrast, together with the observation by stereo-microscopy that the regions of minor phase were commensurate in thickness to the adjacent silicon nitride grains,
indicates that the yttrium, an element with a much higher electron scattering factor, is concentrated in these regions and was subsequently confirmed by X ray micro-analysis.
Performing the chemical analysis it became clear that there are in fact two types of minor phase present. The first type is that illustrated in figure la, being concentrated at the multiple grain junctions. These were found to contain only silicon and yttrium by X ray micro-analysis, as in the trace A of figure 2a. Although no attempt was made to carry out quantitative X ray micro-analysis due to the irregular shape of the second phase particles and the unknown thickness of the foil, an approximate correction of the peak heights following the procedure described by Lorimer (l 2 ) indicates that silicon and yttrium are present in the ratio of 3:2.
The second type of minor phase differs from the first type in its Some difficulty was experienced in determining whether the minor phases, particularly those at the three grain junctions, were crystalline or not, on account of their poor electron transparency. However, in the very thinnest areas, such as at the edge of the foils, electron diffraction patterns could be obtained using the technique of rocking beam micro-diffraction (for the very small phases), or standard selected area diffraction for the larger phase regions. The spot spacings found were found to correspond closely to those reported for -6-h . "1" . . "d (7,13,14) t e yttrlum-Sl. lCOn oxyn1tr1 e . Some of the spacings were also confirmed by subsequent lattice fringe imaging, using the fringe spacings in and adjacent silicon nitride grains as a precision scale.
The distribution of yttrium between the phases was also determined by X-ray micro-analysis. These observations showed that, within the sensitivity of the technique, there was no bulk solubility of yttrium in the silicon nitride grains. This agrees with the finding of Attempts to determine unambiguously whether this interphase film is actually crystalline or non-crystalline were not successful. However, as they exhibited no diffraction contrast on tilting and did not produce any fringe images it is suggested that they are probably non-crystalline.
In addition to the above, a number of observatioHs pertinent to the mechanism of hot pressing were also made. In many instances prismatic grains of silicon nitride, identified by electron diffraction, are enveloped by the yttrium-silicon oxynitride phase, for instance as in figure lb. In exceptional cases such as figure 5 a, the silicon nitride grains appear to be totally surrounded, and have formed with a highly. prismatic morphology. The inter-facet angles are exactly 120°, with the facets being formed by the (lOlO) planes of the silicon nitride. This is 
6~
. 1 (20) -sla on systems, makes it possible to understand how the impurity concentration can be so appreciable in some grains and how it can vary so much within the same grain of yttrium-silicon oxynitride. Since the yttrium-silicon oxynitride is such a good sink for impurity elements,
as suggested by Rae et al. on the basis of its structural similarity with the melilite silicates, it is far from clea,r why the thin interphase phase should form at all. For this reason work is still in progress to identify the elemental composition of this phase. : '~ i v .,.,., .~.
